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Abstract 47 
Background-Right atrial area (RAA) is a prognostic factor in human patients with 48 
pulmonary arterial hypertension (PAH). Reference intervals for RAA have been 49 
described in healthy dogs. 50 
Objectives-To evaluate the RAA indexed to the body surface area in dogs with PAH as 51 
an indicator of right atrial size, PAH severity and right-sided congestive heart failure (R-52 
CHF). 53 
Animals-119 client-owned dogs, 48 dogs with PAH and 71 control dogs. 54 
Methods-Prospective observational study. PAH was classified according to tricuspid 55 
regurgitation pressure gradient as mild (36-50 mmHg), moderate (51-75 mmHg), and 56 
severe (>75 mmHg). RAA index was calculated as the RAA divided by the body surface 57 
area. 58 
Results-RAA index was higher in dogs with moderate PAH (13.3, range: 3.4-24.7 59 
cm2/m2) and severe PAH (12.1, range: 5.4-21.8 cm2/m2), than in those with mild (6.7, 60 
range: 4.8-10.7 cm2/m2) or control (7.3, range: 4.2-10.2 cm2/m2) (P<0.001). The RAA 61 
index was higher (P<0.0001) in dogs with R-CHF (17.5, range: 12.7-24.7 cm2/m2) 62 
compared to those without (7.6, range 4.4-19.4 cm2/m2). The most accurate cut-off value 63 
of the RAA index to identify R-CHF was >12.3 cm2/m2 (sensitivity: 100%; specificity: 64 
89.5%). In dogs with PAH, tricuspid regurgitation severity was the only independent 65 
predictor of RAA index based on the multivariate analysis (P<0.02). 66 
Conclusions and Clinical Importance-The RAA index can be used to evaluate the 67 
right atrial size in dogs, and it might be more effective than TRPG in predicting R-CHF in 68 
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dogs with PAH. The severity of TR is the main determinant of RAA index in dogs with 69 
PAH. 70 
71 
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Introduction 72 
Pulmonary arterial hypertension (PAH) is a pathologic condition characterized by 73 
abnormally high pressure in the pulmonary arterial circulation. In dogs, PAH occurs as a 74 
primary or secondary condition, associated with cardiac, pulmonary, parasitic, 75 
thromboembolic and neoplastic diseases.1 Right heart catheterization is the gold 76 
standard technique for PAH diagnosis, but is invasive. However, echocardiography is the 77 
most commonly-used screening test for PAH both in humans and dogs because it is 78 
non-invasive.1,2 79 
Chronic PAH causes various adaptive changes in the right heart geometry which can 80 
progressively result in right ventricular hypertrophy and dilatation, dysfunction, right atrial 81 
(RA) enlargement and right-sided congestive heart failure (R-CHF).3-5 In human 82 
medicine, RA enlargement has been identified as a predictor of poor outcome in patients 83 
with PAH,6-10 and is commonly evaluated through echocardiographic assessment of the 84 
RA diameter and area.11,12 It has also been shown in humans that the right atrial area 85 
(RAA) better represents right ventricular diastolic dysfunction than RA diameters.11-13 86 
Thus, in the light of the different body weights of human patients, the RAA indexed to the 87 
body surface area (BSA) has also been proposed.9,14-16 88 
In veterinary medicine, RA enlargement is generally evaluated subjectively.17,18 One 89 
study has provided reference values for RA size in healthy dogs, according to allometric 90 
scales.19 In light of the limited information on echocardiographic assessment of the right 91 
heart during PAH, this study evaluated the RAA index in dogs with PAH, as an indicator 92 
of RA size, PAH severity and R-CHF. 93 
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 94 
Materials and methods 95 
Animals 96 
Privately-owned dogs that had undergone a complete cardiologic examination as part of 97 
clinical work-up or for pre-anaesthetic assessment were included, with owners giving 98 
their signed consent. The investigation lasted one year. Permission for this prospective 99 
cross-sectional study was granted by the Institutional Welfare and Ethics Committee of 100 
the University of Pisa (authorisation number: 38/15). This was a prospective, multicenter, 101 
cross-sectional study including dogs with PAH and healthy control dogs. Dogs were 102 
considered healthy based on the absence of clinical signs according to history, physical 103 
examination, cardiovascular assessment, and transthoracic echocardiogram. 104 
PAH was identified if a tricuspid regurgitation pressure gradient (TRPG) ≥36 mmHg 105 
based on echo-Doppler assessment was observed.20-22 The TRPG was derived from the 106 
peak systolic tricuspid regurgitation jet velocity via the simplified Bernoulli equation 107 
(pressure gradient = 4 x velocity2). Peak systolic tricuspid regurgitation jet velocity 108 
obtained by 2D/color Doppler-guided continuous-wave Doppler was measured from the 109 
view that allowed the clearest jet profile and best alignment with the jet. 110 
Dogs with PAH were divided into three groups based on the TRPG: mild PAH if the 111 
TRPG was 36–50 mmHg, moderate PAH if TRPG was 51–75 mmHg, and severe PAH if 112 
TRPG was >75 mmHg. Right-sided congestive heart failure (R-CHF) was identified if the 113 
presence of ascites was associated with jugular venous distension, hepatomegaly and a 114 
subjectively dilated caudal vena cava. Dogs were not included in the study if they had a 115 
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congenital heart disease, atrial fibrillation and belonged to breeds typically prone to 116 
arrhythmogenic right ventricular cardiomyopathy (e.g. boxers and bulldogs). In addition, 117 
all dogs receiving sildenafil or pimobendan were excluded from the study, due to the 118 
potential influence of these drugs on TRPG. 119 
Echocardiography 120 
All examinations were performed by three experienced operators (TV, LV, OD). 121 
Unsedated dogs were restrained in right and left lateral recumbency on an 122 
echocardiographic scanning table. Each dog underwent a complete echocardiographic 123 
examination, which included transthoracic 2D, M-mode and Doppler imaging.23 Tricuspid 124 
regurgitation (TR) severity was evaluated qualitatively, using the color Doppler and 125 
continuous wave Doppler.24 Briefly, mild TR was considered when a small, central TR jet 126 
on the color Doppler and a faint parabolic TR jet signal was present on the continuous 127 
wave Doppler. Moderate TR was considered when an intermediate TR jet on the color 128 
Doppler and a dense parabolic TR jet signal on the continuous wave Doppler. Severe 129 
TR was considered when a very large central jet or eccentric jet impinging the wall on 130 
the color Doppler and a dense triangular with early peaking TR jet signal on the 131 
continuous wave Doppler. 132 
Echocardiographic examination of the RA was performed from the left apical 4-chamber 133 
view optimized for the right heart. The RAA was measured by planimetry at the end of 134 
the ventricular systole tracing from the lateral aspect of the tricuspid annulus to the 135 
septal aspect, excluding the area between the leaflets and annulus, following the RA 136 
endocardium, excluding the caudal vena cava, the cranial vena cava and the RA 137 
9 
 
 
 
appendage (Fig. 1).11 The RAA index was calculated as RAA divided by BSA. The BSA 138 
was calculated as: 0.101 x body weight (kg)2/3, as previously described.25 All 139 
measurements were performed offline by the same operator (TV) evaluating 3-5 cardiac 140 
cycles, and mean values were calculated. 141 
Statistical analysis 142 
Statistical analysis was performed by commercially available statistical softwares.a,b 143 
Descriptive statistics were generated. The normality of data distribution was tested using 144 
the Shapiro-Wilk test, and parametric or non-parametric tests were used according to 145 
the Gaussian distribution. Data are reported as median and range (minimum-maximum), 146 
unless otherwise stated. 147 
In the control group, linear regression was used to evaluate relationships between 148 
echocardiographic variables and body surface area. The Pearson chi-squared or 149 
Fisher’s exact tests were used to compare categorical variables. Continuous variables 150 
were compared using the unpaired t test or the Mann-Whitney U-test, based on data 151 
distribution. Differences in echocardiographic continuous data among PAH groups were 152 
determined by one-way analysis of variance with subsequent pair-wise comparisons 153 
using Tukey’s multiple comparisons test (for normally distributed data) or by the Kruskal-154 
Wallis test with subsequent pair-wise comparisons using the Dunn test (for non-normally 155 
distributed data). Receiver operating characteristic curve analysis was used to identify 156 
the optimal diagnostic RAA index cut-off to identify R-CHF, and the optimal combination 157 
of sensitivity and specificity (Youden Index J = [Sensitivity + Specificity] − 100) was 158 
determined. 159 
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In dogs with PAH, simple (univariate) linear regression analyses were performed to 160 
determine the strength of association of selected clinical (age, sex, heart rate) and 161 
echocardiographic indices (TRPG, TR severity) with RAA index. Multiple linear 162 
regression analysis was utilized to identify significant independent predictors of RAA 163 
index. The variables were entered into a multiple linear regression model in a backward 164 
stepwise manner if P was <0.2 based on univariate linear regression analysis. For all 165 
linear regression models, assumptions of linearity, homoscedasticity, normality of 166 
residuals, and little or no multicollinearity (for multiple linear regression) were met. 167 
Finally, to verify the suitability of the RAA index in a clinical setting, intra- and inter-168 
observer measurement variability were determined with the variation coefficient (CV). 169 
For the intra-observer variability, one operator (TV) calculated the RAA index from six 170 
randomly selected echocardiographic studies on two different occasions separated by 171 
30 days. The inter-observer variability was carried out by two operators (TV, OD) 172 
measuring the RAA index from six randomly selected blinded echocardiographic studies. 173 
A value of P<0.05 was considered statistically significant. 174 
 175 
Results 176 
The study sample consisted of 119 dogs, including of 71 control dogs and 48 dogs with 177 
PAH. Table 1 summarizes the clinical and echocardiographic data for all the dogs. In 48 178 
dogs with PAH, the causes were heartworm disease (n=19), myxomatous mitral valve 179 
disease (n=10), chronic pulmonary disease (n=10), angiostrongylosis (n=6) and heart 180 
base tumors (n=3). Dogs with PAH were significantly older than the controls (median: 11 181 
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years, range: 0.8-18 years; vs. median: 3 years, range: 1-14; P<0.0001) and had a lower 182 
body weight (median: 28 kg, range: 2.1-46 kg; vs. median: 12.6 kg, range: 3.4-38 kg; 183 
P<0.0001). Regarding gender, no differences were found between dogs with PAH and 184 
controls (male and female: 31 and 40 vs. 28 and 20; P=0.1372). In the PAH group, 185 
based on TRPG, 15 dogs had mild PAH (median: 40 mmHg, range: 36-49 mmHg), 10 186 
had moderate PAH (median: 61 mmHg, range: 52-74 mmHg), and 23 had severe PAH 187 
(median: 103 mmHg, range: 77-149 mmHg). Ten out of 48 (20.8%) dogs with PAH had 188 
R-CHF. 189 
In healthy dogs, the RAA showed a strong positive correlation with BSA (r=0.90; 190 
P<0.0001) (Fig. 2). In dogs with PAH, no differences in RAA index were found between 191 
dogs with mild PAH and controls (6.7, range: 4.8-10.7 cm2/m2 vs. 7.3, range: 4.2-10.2 192 
cm2/m2; P=0.284). Conversely, the RAA index was significantly higher in dogs with 193 
moderate (13.3, range: 3.4-24.7 cm2/m2) and severe PAH (12.1, range: 5.4-21.8 cm2/m2) 194 
in comparison to dogs with mild PAH and the control group (P<0.001) (Fig. 3). 195 
The RAA index was significantly higher (P<0.0001) in dogs with R-CHF (median: 17.5, 196 
range: 12.7-24.7 cm2/m2) in comparison to dogs without R-CHF (median: 7.6, range: 197 
4.4-19.4 cm2/m2) (Fig. 4). Differently, no difference in TRPG was found between dogs 198 
with R-CHF (86, range: 52-135 mmHg) and without R-CHF (62, range: 39-149 mmHg). 199 
The most accurate cut-off value of the RAA index to identify R-CHF was >12.3 cm2/m2 200 
(sensitivity: 100%; specificity: 89.5%) (Table 2). 201 
Regarding severity of TR, dogs with mild TR presented a lower RAA index (median: 6.6, 202 
range 3.4-11.8 cm2/m2) in comparison to dogs with moderate (median: 10.5, range 6.4-203 
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15.4 cm2/m2) and severe TR (median: 17.5, range 7.5-24.7 cm2/m2) (P<0.001) (Fig. 5). 204 
Thirteen out of 48 (27.1%) dogs with PAH presented severe TR. A severe TR was found 205 
in 0 out of 15 (0%) dogs with mild PAH, 3 out of 10 (30%) dogs with moderate PAH, and 206 
10 out of 23 (43.5%) dogs with severe PAH. Severe TR was higher (P<0.0001) in dogs 207 
with R-CHF (9/10, 90.0%) in comparison to dogs without R-CHF (4/38, 10.5%). 208 
In the univariate analysis, among clinical and echocardiographic variables, TRPG 209 
(P=0.013) and TR severity (P<0.001) showed a positive association with RAA index. 210 
However, only TR severity maintained a significant (P<0.02) and independent 211 
association with increased RAA index based on multivariate analysis (Table 3). 212 
Intra-observer and inter-observer measurement variability for RAA yielded an average 213 
CV of 7.4% and 9.1%, respectively. 214 
 215 
Discussion 216 
The present study showed that RAA strongly correlates with BSA in healthy dogs. A 217 
similar result was found in humans where a linear correlation between RAA and BSA 218 
was documented and the normalization of the RAA to the BSA was recommended to 219 
account for the different body weight of patients.9 In dogs, a recent study reported a 220 
strong positive correlation between RAA and body weight.19 In that study, normal 221 
reference values for RA diameters and area were described through body weight-222 
dependent allometric scales. Logic dictates that cardiac volumes should correlate 223 
positively with body weight (volume), whereas cross-sectional areas within the heart 224 
should correlate positively with BSA (proportional to body weight2/3) and cardiac linear 225 
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dimensions with body length (proportional to body weight1/3).26 In line with this concept, 226 
in our investigation RAA correlated positively with BSA and, therefore, RAA indexed to 227 
BSA could be successfully used to objectively evaluate RA size in dogs. The normal 228 
reference interval for the RAA index was between 4.2 and 10.2 cm2/m2. 229 
There was no difference in RAA index between dogs with mild PAH and healthy dogs, 230 
while it increased in those with moderate and severe PAH. As observed in dogs with 231 
experimentally induced PAH, chronic pressure overload may impair right ventricular 232 
function and lead to RA enlargement.3,4 Similar to dogs, in humans with chronic PAH, 233 
enlargement of the RA is not commonly present if the PAH is mild, while it is frequent if 234 
the PAH is moderate and severe.27 Multivariate analysis showed that the severity of TR 235 
was the only independent factor influencing RAA index. Actually, in the present study 236 
many dogs with approximately the same values of TRPG showed different RA sizes; 237 
hence, our results suggest that RA size mainly depends on TR severity (volume-238 
overload) rather than on TRPG (pressure-overload) in dogs with PAH. This is in line with 239 
the literature in humans, where RA size in patients with PAH was shown to depend on 240 
TR severity7,28 and not on pulmonary arterial systolic pressure as measured by 241 
echocardiography.27 242 
Regarding congestive heart failure, the RAA index was significantly higher in dogs with 243 
R-CHF compared to those without R-CHF, and an RAA index > 12.3 best predicted the 244 
R-CHF. RA size has been found to represent an important prognostic factor in humans 245 
with PAH.2,6-10 The RAA index may thus also represents a prognostic factor in dogs. In 246 
our study, severe TR was higher in dogs with R-CHF in comparison to dogs without R-247 
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CHF. Differently, there was no difference in TRPG between dogs with and without R-248 
CHF. According to our findings, a theoretical explanation is that R-CHF, as well as RA 249 
size, mainly depend on TR severity (volume-overload) and not on TRPG (pressure-250 
overload).  251 
The estimation of PAH severity in dogs is primarily based on an assessment of the 252 
TRPG.1,20-22 However, many studies in humans have reported inaccuracies by assessing 253 
pulmonary artery systolic pressure with TRPG using Doppler echocardiography in 254 
comparison to right heart catheterization, reporting both under and 255 
overestimations.12,17,29,30 In addition, severe TR may affect the estimation of pulmonary 256 
artery systolic pressure by Doppler echocardiography.31 257 
In line with a previous study,22 our results indicate that dogs with moderate PAH may 258 
present with R-CHF. A possible explanation might be that these cases were incorrectly 259 
classified due to limitations of the TRPG in estimating the actual degree of PAH. The 260 
estimation of PAH severity in dogs is primarily based on an assessment of the 261 
TRPG.1,20-22 However, many studies in humans have reported inaccuracies by assessing 262 
pulmonary artery systolic pressure with TRPG using Doppler echocardiography in 263 
comparison to right heart catheterization, reporting both under and 264 
overestimations.12,17,29,30 In addition, severe TR may affect the estimation of pulmonary 265 
artery systolic pressure by Doppler echocardiography.31 266 
Similar to a previous investigation,19 it is worth highlighting that the measurement 267 
variability in RAA in dogs was also clinically acceptable in the present study, thus 268 
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suggesting that the RAA index can be reliably used during echocardiographic 269 
examination in this species. 270 
There are some limitations to the study that need to be addressed. First, PAH was 271 
classified according to TRPG and not by invasive measurements of pulmonary artery 272 
systolic pressures (i.e. right heart catheterization), which represents the gold standard. 273 
However, quantification of the TRPG is currently used by most cardiologists to estimate 274 
pulmonary artery systolic pressure in small animals.1 Second, a TRPG cut-off value of 275 
36 mmHg was used to diagnose PAH in line with the literature,20-22 however no 276 
consensus exists regarding the best cut-off to diagnose PAH in dogs. Thus, it cannot be 277 
ruled out that if a different TRPG cut-off had been used, our results may have been 278 
different. Third, our control group was not weight- and age-matched with the PAH group. 279 
However, the ranges of age and body weight of the control group were very large. Lastly, 280 
we did not include in the study the evaluation of right ventricular systolic function, which 281 
might influence RA size. However, recent studies in dogs did not show a significant 282 
reduction in right ventricular systolic function in dogs with different degree of PAH.32,33 283 
In conclusion, the RAA index can be used to evaluate the RA size in dogs and the 284 
severity of TR is the main determinant of RAA index in dogs with PAH. In addition, the 285 
RAA index might be more effective than the TRPG in predicting R-CHF in dogs with 286 
PAH. Further studies are required to verify whether the RAA index represents a 287 
prognostic factor in dogs with PAH. 288 
 289 
Footnotes 290 
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a GraphPad Prism version 5.0 for Windows, GraphPad Software, San Diego, CA. 291 
b Minitab version 18 for Windows, Minitab Inc, Pennsylvania, PA. 292 
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Tables 396 
 397 
Table 1. Clinical and echocardiographic data of all study dogs (n = 119). 398 
 Healthy Mild PAH Moderate PAH Severe PAH  
N° cases 71 15 10 23  
Male/female 31/40 8/7 8/2 12/11  
Age (years) 3.0 (1-14) 11 (5-14) a 9 (1-13) a 12 (0.8-18) a  
Weight (kg) 28 (2.1-46) 16 (5.8-32.0) 19 (7.9-34.0) 8.5 (3.4-38.0) a  
TRPG (mmHg) 0 (0-25) 40 (36-49) a 61 (52-74) a 103 (77-149) a,b  
Severe TR 0 (0%) 0 (0%) 3 (30%) a,b 10 (43.5%) a,b  
RAA index (cm2/m2) 7.3 (4.2-10.2) 6.7 (4.8-10.7) 13.3 (3.4-24.7) a,b 12.1 (5.4-21.8) a,b  
R-CHF 0 (0%) 0 (0%) 3/10 (30%) a,b 7/23 (30.4%) a,b  
 399 
Data represent median (min–max) unless otherwise stated. PAH, pulmonary arterial 400 
hypertension; TRPG, tricuspid regurgitation systolic pressure gradient; TR, tricuspid 401 
regurgitation; RAA, right atrial area; R-CHF, right-sided congestive heart failure. 402 
a P < 0.001 compared to control group. 403 
b P < 0.001 compared to mild PAH group. 404 
 405 
 406 
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Table 2. Sensitivity and specificity of different cut-off points of right atrial area index for 407 
the prediction of right-sided congestive heart failure in 48 dogs with pulmonary arterial 408 
hypertension. 409 
 AUC 95% CI P-value Cut-off Se (%) Sp (%) Youden index   
RAA index 0.97 0.92-1.01 <0.0001 12.3* 100.0 89.5 89.5   
    19.7 30.0 100.0    
 410 
AUC, area under receiver operating characteristic curve; CI, confidence interval; Se, 411 
sensitivity; Sp, specificity; RAA, right atrial area. The value with the asterisk (*) 412 
represents the clinically significant cut-off, with the least amount of overlap between 413 
groups (optimal combination of sensitivity and specificity and highest Youden index). 414 
 415 
Table 3. Multivariate analysis of echocardiographic variables used to predict right atrial 416 
area index in dogs with PAH. 417 
Dependent variable Independent variables Β coefficient 95% CI P-value 
RAA index (cm2/m2) TRPG -0.019 (-0.073, 0.036) 0.491 
 TR severity 2.579 (0.732, 4.425) 0.007 
 418 
CI, confidence interval RAA, right atrial area; TRPG, tricuspid regurgitation systolic 419 
pressure gradient; TR, tricuspid regurgitation. 420 
 421 
422 
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Figure legends 423 
 424 
Figure 1. Left apical 4-chamber view optimized for the right heart. The right atrial area 425 
(RAA) was measured by planimetry at the end of ventricular systole. 426 
 427 
Figure 2. Correlation between right atrial area (RAA) and body surface area (BSA) in 428 
control dogs. The RAA showed a strong positive correlation with BSA in healthy dogs 429 
(r=0.90; P<0.0001). 430 
 431 
Figure 3. Box and whiskers plot for right atrial area (RAA) index in control dogs in 432 
comparison to dogs with different degree of pulmonary arterial hypertension (PAH). The 433 
RAA index was significantly higher in dogs with moderate and severe PAH in 434 
comparison to dogs with mild PAH and the control group (P<0.001). 435 
 436 
Figure 4.  Box and whiskers plot for right atrial area (RAA) index in dogs with and 437 
without right-sided congestive heart failure (R-CHF). The RAA index was significantly 438 
higher in dogs with R-CHF in comparison to dogs without R-CHF (P<0.0001). 439 
 440 
Figure 5.  Box and whiskers plot for right atrial area (RAA) index in dogs with pulmonary 441 
hypertension and different severity of tricuspid regurgitation (TR). Dogs with mild TR 442 
presented a lower RAA index in comparison to dogs with moderate and severe TR 443 
(P<0.001). 444 
